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SUMMARY 


A  performance  analysis  has  Been  made  to  determine  whether  boundary- 
layer  control  by  suction  might  be  effective  in  making  the  power-off 
landing  distance  of  a  liaison  type  of  airplane  less  than  that  obtainable 
with  conventional  high-lift  devices.  The  airplane  was  assumed  to  be 
operating  from  airstrips  which  would  give  a  combined  ground  and  braking 
friction  coefficient  of  0.4.  The  pay  load  was  fixed  at  1500  pounds, 
the  wing  span  was  varied  from  25  to  100  feet,  the  aspect  ratio  was 
varied  from  5  to  15,  and  the  engine  brake  horsepower  was  varied  from 
300  to  1200.  Maximum  lift  coefficients  of  5*0  and  2.8  were  assumed  for 
the  airplanes  with  and  without  boundary- layer  control,  respectively. 

A  conservative  estimate  of  the  added  weight  due  to  the  boundary -layer 
control  equipment  was  included.  The  effects  of  boundary -layer  control 
on  the  total  landing  distance,  ground  run,  stalling  speed,  and  sinking 
speed  were  investigated. 

The  results  of  the  analysis  indicate  that  for  a  specified  airplane 
maximum  speed,  the  total  landing  distance  can  be  reduced  from  25  to 
40  percent  by  the  use  of  boundary- layer  control.  A  comparison  of  the 
results  presented  with  those  of  a  previous  analysis  of  the  effect  of 
boundary- layer  control  on  the  take-off  distance  shows  that  boundary- 
layer  control  is  much  more  effective  in  reducing  the  landing  distance 
than  the  take-off  distance.  Boundary- layer  control  also  reduced  the 
ground-run  distance,  the  stalling  speed,  and  the  gliding  speed.  The 
sinking  speed,  or  vertical  velocity,  of  the  airplane  with  boundary- 
layer  control  was  slightly  higher  than  that  for. the  conventional  air¬ 
plane  having  the  same  wing  span. 
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INTRODUCTION 


The  design  of  a  new  airplane  usually  involves  a  compromise  between 
several  desired  high-speed  performance  characteristics  and  the  practical 
necessity  for  operating  the  airplane  out  of  airports  of  reasonable  size. 
The  degree  of  necessary  compromise  has  been  reduced  by  the  use  of  high- 
lift  devices  to  increase  the  maximum  lift  coefficient.  Such  devices  as 
leading-  and  trailing-edge  flaps  which  are  now  in  use  on  operational 
aircraft  permit  the  attainment  of  maximum  airplane  lift  coefficients, 
power-off,  of  the  order  of  2.80  (reference  l) .  In  the  belief  that  much 
higher  airplane  maximum  lift  coefficients  would  be  desirable,  numerous 
wind-tunnel  investigations  have  been  made  of  the  effectiveness  of 
boundary -layer  control  as  a  means  for  obtaining  high  maximum  lift  coef¬ 
ficients.  Airfoil-section  maximum  lift  coefficients  as  high  as  5-5  have 
been  obtained  in  wind-tunnel  tests  (see,  for  example,  reference  2)  and 
in  a  limited  flight  investigation,  airplane  lift  coefficients  of  4.2 
were  obtained  (reference  3) • 

There  is,  however,  some  question  as  to  the  exact  benefits  to  be 
obtained  by  use  of  the  high  lift  coefficients  available  with  boundary- 
layer  control.  In  an  effort  to  obtain  some  idea  of  the  extent  to  which 
the  high  lift  coefficients  available  with  boundary -layer  control  might 
be  useful,  an  analytical  investigation  was  made  of  the  effect  of  lift 
coefficient  on  the  distance  required  for  a  liaison  type  of  airplane  to 
take  off  over  a  50-foot  obstacle  (reference  4). 

The  investigation  reported  in  reference  4  has  recently  been  extended 
to  include  an  analysis  of  the  effect  of  high  maximum  lift  coefficients 
on  the  distance  required  for  a  liaison  type  of  airplane  to  land  after 
gliding  over  a  50-foot  obstacle.  The  results  of  this  analysis  are 
presented  in  the  present  paper.  The  airplane  was  assumed  to  have  a 
1500- pound  pay  load  and  to  carry  enough  fuel  for  a  5-hour  flight.  The 
airplane  configurations  investigated  varied  in  wing  span  from  25  to 
100  feet,  in  horsepower  from  300  to  1200,  and  had  aspect  ratios  of  5, 

10,  and  15.  Calculations  of  the  landing  distance  were  made  in  all  cases 
for  maximum  lift  coefficients  of  2.8  and  5*0*  Allowances  were  made  for 
changes  in  the  gross  weight  resulting  from  variations  in  plan  form, 
horsepower,  and  boundary- layer-control  equipment.  The  maximum  speed  of 
each  airplane  configuration  was  also  calculated  in  order  to  provide  some 
indication  of  the  relation  between  high-speed  performance  and  landing 
distance.  The  landing  manuever  was  assumed  to  be  executed  without  the 
use  of  engine  power. 
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SYMBOLS 


% 


W 


w 


max 


D 


D, 


'Do 


'Di 


’Lp 


airplane  gross  weight,  pounds 

weight  of  airplane  components,  pounds 

acceleration  due  to  gravity  (assumed  equal  to  32-2), 
feet  per  second  per  second 

thrust,  pounds 

static  thrust,  pounds 

thrust  at  maximum  velocity,  pounds 

wing  area,  square  feet 

angle  of  flight  path  with  respect  to  ground,  degrees 
velocity,  feet  per  second 

average  flight  velocity  during  transition  arc,  feet  per  second 

total  drag,  pounds 
airplane  drag  coefficient  (D/qS) 

wing  profile  drag,  pounds 
wing  profile-drag  coefficient  (Dq^ qS) 

induced  drag  coefficient  ^C-j-^jtAe) 

total  lift,  pounds 
airplane  lift  coefficient  (L/qS) 

lift  coefficient  that  would  be  required  for  steady  level 
flight  at  speed  V 
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7  ratio  of  specific  heats  at  constant  volume  and  constant 

pressure  (1.4  for  air) 

t  time,  seconds 

Subscripts: 

c  conventional  airplane 

BLC  boundary-layer-control  airplane 

o  free-stream  conditions 

d  conditions  in  boundary-layer-control  duct 

L  conditions  at  point  of  ground  contact 

max  maximum 

u  pay  load 

G  glide 

F  float 

B  ground 

T  transition 

s  stalling 

METHODS  OF  ANALYSIS 

In  calculating  the  landing  performance  characteristics,  a  number 
of  basic  assumptions  were  required  for  the  purpose  of  determining  the 
airplane  configurations,  the  aerodynamic  characteristics,  the  weight 
of  the  complete  airplane,  and  the  method  used  in  performing  the  landing 
maneuver.  The  assumptions  made  for  determining  the  gross  weight  of  the 
airplane  and  the  aerodynamic  characteristics  were  the  same  as  the  assump¬ 
tions  used  in  the  analysis  of  the  airplane  take-off  characteristics 
(reference  4).  The  final  comparative  results  should  be  unaffected  by 
the  assumptions  inasmuch  as  the  same  assumptions  were  used  for  the  air¬ 
plane  with  boundary- layer  control  as  for  the  conventional  airplane. 
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Airplane  Configuration 

The  airplane  was  assumed  to  have  a  cantilever  semimonocoque  wing, 
rectangular  in  plan  form,  with  airfoil  sections  tapering  from  a  thick¬ 
ness  ratio  of  0.18  at  the  root  to  0.12  at  the  tip.  The  empennage  area 
was  considered  to  he  0.25S.  The  fuselage  frontal  area  F  for  a  pay¬ 
load  wu  of  1500  pounds  was  determined  from  the  following  equation 

obtained  from  reference  5: 


F  =  0.15vu2/3 

The  dimensions  of  the  fuselage  and  landing  gear  remained  constant. 

The  propeller  was  considered  to  he  fully  automatic  in  order  that 
maximum  engine  speed  and  power  could  he  obtained  at  all  airspeeds.  The 
fuel  and  oil  supply  was  assumed  sufficient  for  5  hours  of  cruising  at 
60  percent  of  maximum  power  with  a  specific  fuel  consumption  of  0.'50  pounds 
per  brake  horsepower  per  hour.  The  engine  power  available  was  varied 
from  300  brake  horsepower  to  1200  brake  horsepower. 

It  was  assumed  that  an  auxiliary  engine  and  a  blower  were  used  to 
apply  suction  through  the  duct  provided  by  the  internal  space  of  the 
semimonocoque  wing  with  the  boundary-layer-control  slots  and  that  the 
boundary-layer-control  apparatus  would  have  a  fuel  supply  sufficient  for 
the  flight  duration  at  60 -percent  power  with  a  specific  fuel  consumption 
of  0.50  pounds  per  brake  horsepower  per  hour.  These  conditions  should  * 

permit  continuous  operation  of  the  boundary- layer  control  during  flight. 

Aerodynamic  Characteristics 

The  variation  of  wing  profile -drag  coefficient  with  wing  lift  coef¬ 
ficient,  shown  in  figure  1,  was  determined  from  section  data  contained 
in  references  6  to  9*  The  data  are  for  the  smooth -surface  condition  of 
the  wings  with  and  without  boundary- layer  control.  The  use  of  boundary- 
layer  suction  is  seen  to  cause  only  relatively  small  changes  in  the 
profile  drag  in  the  cruising  range  of  lift  coefficients.  On  a  wing 
provided  with  suction  slots  to  improve  the  maximum  lift,  however,  suction 
through  these  slots  must  be  maintained  in  the  cruising  range  of  lift 
coefficients  in  order  that  the  profile  drag  will  not  be  increased  by 
outflow  through  the  slots.  For  this  reason,  the  previously  mentioned 
provision  of  enough  fuel  to  operate  the  boundary -layer  control  apparatus 
continuously  during  the  5-bour-f light  duration  was  considered  necessary. 

The  use  of  a  drag  polar  based  on  airfoil-section  data  for  the  rough- 
surface  condition  would  undoubtedly  represent  a  more  realistic  appraisal 
of  the  high-speed  characteristics  of  the  airplane  conf igurations  investi-  p 

gated.  Enough  data  to  permit  the  determination  of  the  drag  polar  for 
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the  rough -surf ace  condition  were  not  available,  however,  at  the  time 
that  the  analysis  of  reference  4  was  made.  Since  it  was  considered 
desirable  to  make  the  present  analysis  comparable  with  that  of  refer¬ 
ence  k,  the  same  drag  polar  used  in  reference  b  for  the  smooth  condition 
was  employed  in  the  present  analysis.  The  assumed  empennage  drag  coef¬ 
ficient  based  on  the  empennage  area  was  0.01  and  the  assumed  fuselage 
and  landing-gear  drag  coefficients  were  0.20  and  0.05,  respectively, 
based  on  the  fuselage  frontal  area  (reference  10).  The  induced  drag 
coefficients  were  calculated  from  the  equation 


where  the  value  of  e  was  assumed  to  be  0.9.  The  maximum  attainable 
lift  coefficients  were  assumed  to  be  2.8  and  5-°  for  the  airplane  with¬ 
out  and  with  boundary- layer  control,  respectively. 


Weight  Analysis 

The  gross  weight  of  the  airplane  can  be  conveniently  expressed  in 
terms  of  the  wing  span,  aspect  ratio,  and  power.  The  following  equations 
relating  the  weight  of  the  airplane  to  these  parameters  were  obtained 
from  reference  4.  The  airplane  components  are  designated  by  the  following 
subscripts: 

m  engine 

p  propeller,  hub,  and  engine  auxiliaries 

g  gasoline  and  oil 

F  fuselage 

L  landing  gear 

E  empennage 

w  wing 

b  blower 

bm  blower  engine 
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The  weights  of  the  engine,  engine  auxiliaries,  propeller,  and  hub  are 
given  "by  the  following  equations: 


(i) 


Vw  =  0.046sa0-^0,53^0*115  (7) 

The  value  of  —  =  35  vas  considered  representative  for  the  type  of 
t 

airplane  investigated;  however,  large  changes  in  the  ratio  of  span  to 
root  thickness  will  cause  only  small  changes  in  the  gross-weight  esti¬ 
mate  inasmuch  as  the  wing  weight  comprises  only  about  15  percent  of  the 
gross  weight  and  the  ratio  b/t  enters  in  the  wing  weight  equation  to 
the  0.115  power. 

A  summation  of  the  aforementioned  equations  for  the  weights  of  the 
airplane  components  including  1500  pounds  for  the  pay  load  wu  yields 
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the  following  empirical  relation  for  the  gross  weight  of  the  assumed 
conventional  airplane  as  a  function  of  the  span,  aspect  ratio,  and 
horsepower: 


w  = 

\p  -  30 


+ 


^•58  + 

pO.  68 


+  1500  +  O.ijPW0-^  +  o.o67W°-98  + 


0.25  +  0.07A 


0. ^7/w\ 0,53 

W 


(8) 


The  gross  weight  of  the  airplane  with  boundary- layer  control  is 
then  equivalent  to  the  gross  weight  of  the  conventional  airplane  plus 
the  additional  weight  of  the  blower  engine  w^,  blower  w^,  and  the 

additional  fuel  required.  The  equation  for  the  gross  weight  of  the 
airplane  with  boundary -layer  control  is  therefore 

WBIC  =  Wc  +  wbm  +  vb  (9) 

The  power  required  by  the  blower  engine  can  be  estimated  for  a 
given  compression  ratio,  flow  quantity/  absolute  entrance  pressure, 
and  blower  efficiency  by  means  of  the  following  expression  for  an 
adiabatic  gas  flow: 


Td 


bm 


550t] 


1 


(10) 


The  results  presented  in  reference  3  indicate  that  adequate 
boundary-layer  control  for  a  maximum  lift  coefficient  of  5.0  can  be 
obtained  with  a  flow  coefficient  Cq  of  0.03  and  a  pressure  coef¬ 
ficient  Cp  of  k.0.  In  order  to  make  a  conservative  estimate  of  the 

weight  of  the  boundary- layer  control  equipment,  however,  a  flow  coef¬ 
ficient  of  0.0b  and  a  pressure  coefficient  of  15  were  assumed.  (See 
reference  11.)  Substitution  of  the  assumed  values  of  Cp  and  Cq  in 
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equation  (10)  results  in  the  following  equation  for  an  assumed  blower 
efficiency  of  0.9: 


Assumption  of  an  engine  weight  of  2.5  pounds  per  horsepower  and 
fuel  for  5  hour  duration  at  60-percent  power  results  in  the  following 
equation  for  the  weight  of  the  blower  engine  and  fuel: 


In  order  that  the  blower  weight  could  be  determined ,  the  blower 
was  assumed  to  be  an  axial-flow  stator-rotor  type  constructed  of 
aluminum  alloy  and  having  a  hub-to-tip  ratio  of  0.6  and  an  axial 
velocity  of  400  feet  per  second.  The  outer  casing  was  assumed  to  be 
0.125  inch  thick  and  48  inches  long.  The  rotor,  blades,  and  shaft  were 
considered  equivalent  to  a  disk  2  irlches  thick  with  a  diameter  0.8  of 
the  tip  diameter;  whereas  the  stator  vanes  were  considered  equivalent 
to  a  disk  having  a  thickness  of  0.25  inch  and  the  same  diameter  as  that 
of  the  complete  rotor.  The  blower  weight  equation  was  developed  from 
these  assumptions  and  is  as  follows 


wb  =  O.OlO)-  \/wS  +  1.13(WS)0,25 


(13) 


Landing  Maneuver 

The  landing  maneuver  was  considered  to  consist  of  four  phases: 
the  steady  glide,  a  transition  path  executed  at  maximum  lift  coefficient 
to  bring  the  airplane  from  a  steady  glide  to  level  flight,  a  floating 
period  of  2  seconds  to  allow  for  lag  in  control  response  and  for  the 
application  of  brakes  (see  reference  12),  and  finally  the  ground  run. 

The  beginning  of  the  landing  was  considered  as  the  point  at  which  the 
altitude  was  50  feet;  the  total  landing  distance  was  considered  to  be 
the  horizontal  distance  from  this  point  to  the  end  of  the  ground  run. 

The  maneuver  was  considered  to  be  performed  without  the  use  of  power. 
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that  is,  no  propeller  drag  or  thrust,  and  with  no  wind.  A  sketch 
illustrating  the  assumed  maneuver  is  presented  in  figure  2. 

B_asic  assumptions.-  In  calculating  the  total  landing  distance, 
certain  simplifying  assumptions  were  made  in  connection  with  the  manner 
in  which  the  transition  from  the  steady-glide  speed  and  attitude  to 
level-flight  speed  and  attitude  was  executed.  These  assumptions  were 
based  on  the  concept  that  the  horizontal  distance  covered  during  the 
ransition  period  for  the  type  of  airplane  considered  is  a  relatively 
small  portion  of  the  total  landing  distance  so  that  a  precise  determi- 

tionsHwere*116  tranSltl0rl  path  is  not  required.  The  simplifying  assump- 

,  1'  1^.  airplane  was  assumed  to  execute  the  transition  at  maximum 

lft  coefficient  and  the  transition  path  was  assumed  to  be  represented 
y  an  arc  of  constant  radius.  This  assumption  implies,  of  course  a 
constant  speed  during  the  transition.  9 

.  Although  a  constant  speed  was  assumed  for  the  transition  arc 
It  is  of  course,  obvious  that  in  the  actual  case  the  speed  during  the 
transition  must  vary  from  the  steady-glide  speed -to  the  landing  speed. 

The  constant  speed  implied  by  the  assumption  of  a  transition  arc  of 
constant  radius  was  determined  by  assuming  a  linear  variation  in  speed 
from  the  steady-glide  speed  to  the  stalling  speed  and  taking  the  constant 
speed  as  the  arithmetic  mean  of  these  two  values.  This  assumption  implies 
a  constant  decelerating  force  during  the  transition. 

These  assumptions  are  somewhat  similar  to  those  found  in  approxi¬ 
mate  methods  for  calculating  the  transition  path  following  take-off 
(reference  13) .  Such  approximate  methods  for  calculating  the  take-off 
distance  have  been  found  to  give  good  results  and,  in  those  cases  for 
which  experimental  data  were  available,  the  method  outlined  for  calcu¬ 
lating  the  landing  distance  was  also  found  to  give  good  results. 

.  Development  of  landing  equations.-  On  the  basis  of  assumptions  1 
and  2  the  following  equations  for  the  total  landing  distance  can  be 
erived.  The  horizontal  distance  covered  during  the  transition  arc 
ST  is  considered  first.  Reference  to  figure  2  shovs  that 

Srp  =  R  sin  Gq  ( 

where  &G  is  the  angle  of  steady  glide  and  R  is  the  radius  of  the 
transition  arc.  The  instantaneous  radius  of  curvature  during  a  pull-up 
at  maximum  lift  is  given  by  the  expression: 


j2_  W  _ 

Pg  S  C 


Clj  cos  e 
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where  Cj^  in  this  equation  corresponds  to  the  lift  coefficient  for 

unaccelerated  level  flight  at  the  velocity  at  which  the  pull-up  is 
being  executed  and  9  is  the  instantaneous  flight-path  angle.  If  the 
cosine  of  the  glide-path  angle  is  assumed  to  be  1.0,  equation  (.15; 
can  be  written  as  follows: 

r  =  2_  w  _l_  ( 1 6) 

Pg  s 

where  /£L  is  the  difference  between  the  maximum  lift  coefficient  and 

the  lift  coefficient  corresponding  to  the  previously  defined  mean  speed 
used  during  the  transition.  Since  the  stalling  speed  is  known,  e 
value  of  the  steady-glide  speed  Vq  is  all  that  is  required  for  e 
determination  of  R  and  the  horizontal  distance  covered  during  the 
transition.  The  value  of  VQ  must  be  chosen  in  such  a  way  that  the 

time  required  for  the  velocity  to  decrease  from  Vq  to  VL  is  the 
same  as  the  time  required  for  the  airplane  to  traverse  the  distance  sT. 

The  tangential  forces  acting  on  the  airplane  during  the  transition  arc 
are  composed  of  the  drag  which  is  a  decelerating  force  and  the  component 
of  weight  along  the  flight  path  which  is  an  accelerating  force.  The 
mean  decelerating  drag  force  %  is  determined  from  the  drag  coeffi¬ 
cient  at  the  maximum  lift  coefficient  and  the  mean  speed  V. 

There  is ,  however,  an  accelerating  force  which  may  be  determined 
in  the  following  manner.  At  the  end  of  the  steady  glide  the  following 
relation  holds: 

Dq  =  W  sin 

where  %  is  the  drag  in  the  steady  glide.  Since  the  glide  angle  0q 
is  usually  small,  9  varies  in  a  nearly  linear  manner  with  sT  during 

the  transition,  and  since  sin  9  also  varies  in  a  nearly  linear  manner 
with  9  for  small  values  of  9,  the  mean  accelerating  force  during  the 
transition  may  he  written  as 


V  sin  0 

2 


t 
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Therefore,  the  time  required  for  the  airplane  to 
steady  glide  speed  VQ  to  the  landing  speed  VL 
following  expression: 


decelerate  from  the 
is  then  given  by  the 


W  VG  -  VL 

"  S'  Dg  (17) 

%  - 


If  the  cosine  of  the  flight-path  angle  is  considered  to  he  unitv 
time  required  to  traverse  the  distance  sT  is  *" 


the 


T  =  — 

V 


(18) 


where  V  is  the  mean  speed.  Since  the  two  intervals  of  time  expressed 
by  equations  ( 17)  and  (l8)  must  be  equal,  the  distance  sT  may  be 
expressed  in  the  following  form 


If 


Siji  = 


2V(»G  -  Tl)» 

g(2Drp  -  Dq) 


(19) 


sin 


=  sin  tan*"1!  — 


the  distance  sT  as  given  by  equations  (14)  and  ( 16)  may  be  written 


ST 


-  _lfC_ 

pg  s  snc 


G 


(20) 
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A  simultaneous  solution  of  equations  (19)  and  (20)  gives,  after  some 
algebraic  manipulation,  the  following  equation: 


Vt 

An  exact  solution  of  equation  (21)  for  —  requires  additional  analytic 

Vr» 


expressions  relating 


Such  relations  can,  of 


course,  be  found  by  expressing  the  drag  polars  for  the  various  airplanes 
in  analytic  form.  It  was  found  more  convenient,  however,  to  perform 
simultaneous  solution  of  equations  (19)  and  (20)  by  a  trial  and  error 
process.  Once  the  correct  value  of  VG  is  determined  from  equations  19) 
and  (20) ,  the  horizontal  distance  covered  in  the  transition  arc  is  easi  y 
calculated  for  a  particular  airplane  from  equation  (20) . 

The  horizontal  distance  sG,  covered  in  the  steady  glide  from  a 
height  of  50  feet  to  the  height  h  at  which  the  transition  is  begun 
can  be  calculated  by  the  following  equations  (see  fig.  2): 

_  50  -  h  =  50  -  h 

G  tan  0G  /CD\ 


G 
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but 


so  that 


=  R  ^1  -  cos  QqJ 


sG  = 


(22) 


The  values  of  R  and 


are  already  known  from  the  previous  calcu¬ 


lations  of  the  transition  path  so  that  Bq  may  be  readily  determined# 
The  distance  covered  during  the  floating  period  is  merely 


SF 


2  Vi 


=  2 


2W 

\JpSCw 


(23) 


The  equation  for  determining  the  ground  run  or  braking  distance,  obtained 
from  reference  14,  is 


lo6e  (S£i)  (*> 


CD 

where  is  the  lift-drag  ratio  for  the  maximum-lift  condition  and 

■  L 

Vl  corresponds  to  the  stalling  speed.  The  combined  ground  and  braking 
friction  coefficient  was  assumed  to  be  0.4.  This  value  of  the  friction 
coefficient  can  be  obtained  with  cinders  on  ice.  (See  reference  12.) 
The  ground  effect  on  the  induced  drag  was  neglected.  The  total  landing 
distance  is  obtained  from  a  summation  of  the  horizontal  distances 
covered  during  the  four  phases  of  the  maneuver: 


SL  =  SG  +  ST  +  ®F  +  SB 


1 6 
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where  these  four  components  are  calculated  by  means  of  equations  (22) , 
(20),  (23),  and  (24),  respectively. 


Maximum  Speed 

The  method  employed  for  calculating  the  maximum  speed  of  the 
various  airplane  configurations  was  the  same  as  that  used  in  reference  4. 
This  method  was  originally  developed  in  reference  13  and  can  be  briefly 
described  as  follows:  The  thrust  at  the  maximum  speed  can  be  expressed 
as 


T 


max 


P550rip 

_  — 

vmax 


where  t\  is  the  propulsive  efficiency.  Airplanes  having  various 

combinations  of  power  and  maximum  speed  were  investigated  in  reference  13 
and  the  thrust  at  maximum  velocity  was  found  to  be,  if  propellers  having 
the  optimum  diameter  and  blade  setting  for  a  particular  maximum  speed  are 
employed, 

Tv  =  CP  (25) 

max 

where  C  is  a  linear  function  of  the  maximum  velocity.  The  functional 
relation  between  Vmax  and  C  as  expressed  in  reference  4  is 

c  =  3.09  -  0.005Vmax  (26) 


The  thrust  at  maximum  velocity  can  also  be  expressed  as 


T- 


vmax  "  2  pVmax2  A 


(27) 


where  CD  is  the  summation  of  the  assumed  drags  of  the  airplane  com¬ 
ponents  in  coefficient  form.  With  the  use  of  the  three  expressions, 
equations  (25),  (26),  and  (27),  the  following  relation  for  the  maximum 
velocity  is  obtained 

1  ob2 

P^3-09  -  0 .005Vmax^  =  2  P^max  a  ^ 

Equation  (28)  was  employed  for  calculating  the  maximum  velocity  of  the 
various  airplanes. 
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SCOPE  OF  CALCULATIONS 


The  airplanes  for  which  the  total  landing  distance  was  calculated 
had  wing  spans  varying  from  25  feet  to  100  feet,  engine  brake  horse¬ 
powers  varying  from  300  to  1200,  and  aspect  ratios  of  5,  10,  and  15. 

As  previously  stated,  the  wing  span,  aspect  ratio,  and  power  determine 
the  weight  of  an  airplane,  and  the  airplane  configuration.  The  landing 
distance  was  calculated  for  each  airplane  with  and  without  boundary- 
layer  control.  The  maximum  lift  coefficient  of  the  airplane  with 
boundary -layer  control  was  assumed  to  be  5.0  and  that  of  the  airplane 
without  boundary- layer  control  was  assumed  to  be  2.8.  Data  defining 
the  range  of  airplane  configurations  for  which  the  performance  calcu¬ 
lations  were  made  are  presented  in  figures  3  and  4  for  the  airplanes 
without  and  with  boundary- layer  control,  respectively.  The  weights  as 
calculated  from  equations  (8)  and  (9)  resulted  in  wing  loadings  of  the 
airplanes  investigated  which  varied  from  about  4  pounds  per  square  foot 
to  about  l60  pounds  per  square  foot  for  the  airplanes  without  boundary- 
layer  control  and  from  about  4  pounds  per  square  foot  to  about  180  pounds 
per  square  foot  for  the  airplanes  with  boundary -layer  control.  The 
maximum  velocity  of  the  different  airplane  configurations  with  and 
without  boundary- layer  control  was  calculated  so  as  to  provide  a  basis 
of  comparison  for  the  high-  and  low-speed  performance  and  is  given  in 
figure  5*  For  a  given  wing  span,  aspect  ratio,  and  brake  horsepower 
of  the  main  propulsive  unit,  the  maximum  velocities  of  the  airplanes 
with  and  without  boundary -layer  control  differ  only  to  the  extent  to 
which  the  weight  of  the  boundary- layer  control  equipment  alters  the 
wing  loading  and  thus  the  drag  coefficient  at  any  given  speed  and  to  the 
small  extent  to  which  the  drag  polars  of  the  airplanes  with  and  without 
boundary- layer  control  differ. 


RESULTS  AND  DISCUSSION 


The  power-off  landing  performance  characteristics  to  be  discussed 

are: 

(1)  the  total  landing  distance 

(2)  the  ground-run  distance 

(3)  the  speeds  at  which  the  different  phases  of  the  landing 

maneuver  are  executed 

The  discussion  is  intended  to  show  the  relative  effect  of  increasing 
the  maximum  lift  coefficient  by  boundary- layer  control  upon  these 
performance  characteristics  and  upon  the  relation  between  high-speed 
performance  and  landing  performance  as  the  airplane  configuration  is 
varied.  The  pertinent  landing -performance  characteristics  are  presented 


18 


NACA  TIT  2143 


in  terms  of  the  wing  span,  power,  and  aspect  ratio  for  the  airplanes 
with  and  without  boundary- layer  control.  The  choice  of  variables 
employed  in  presenting  the  data  was  arbitrary  to  some  extent.  Although 
other  parameters  could  have  been  employed,  span,  aspect  ratio,  and  power 
were  chosen  because  these  variables  indicate  the  physical  size  and 
practicability  of  the  airplane.  In  some  cases,  the  performance  param¬ 
eters  were  plotted  against  wing  loading  as  well  as  wing  span  because  the 
use  of  the  wing  loading  in  these  cases  tended  to  clarify  the  results. 


Total  Landing  Distance 

The  total  landing  distance  is  presented  as  a  function  of  wing  span 
in  figure  6  with  power  as  the  parameter.  The  data  are  for  aspect  ratios 
of  5,  10,  and  15  and  are  for  the  airplanes  with  and  without  boundary- 
layer  control.  An  examination  of  the  data  of  figure  6  indicates  that, 
for  a  given  engine  power  and  aspect  ratio,  the  landing  distance  decreases 
rapidly  with  increasing  span  over  a  certain  range  of  spans,  after  which 
further  increases  in  span  have  little  effect.  This  is  a  result  of  the 
manner  in  which  the  wing  loading  varies  with  span.  (See  figs.  3  and  4.) 
For  a  given  wing  span,  the  landing  distance  is  seen  to  increase  with 
increasing  engine  power.  In  all  cases,  increasing  the  apsect  ratio  for 
a  fixed  span  and  power  increases  the  total  landing  distance.  For  any 
given  aspect  ratio,  the  shortest  landing  distance  is  obtained  for  the 
airplane  with  largest  span  and  lowest  power.  These  trends  are  evident 
in  the  data  for  all  three  aspect  ratios  and  for  the  airplanes  with  and 
without  boundary -layer  control.  The  effect  of  boundary- layer  control  on  . 
the  total  landing  distance  can  best  be  seen  in  figure  7.  In  this  figure 
the  ratio  of  the  total  landing  distance  with  boundary- layer  control  to 
the  total  distance  without  boundary- layer  control  is  plotted  as  a 
function  of  span.  The  data  clearly  indicate  that,  regardless  of  engine 
power  or  aspect  ratio,  the  use  of  maximum  lift  coefficients  of  the  order 
of  5.0  which  can  be  obtained  only  with  boundary- layer  control  as  compared 
with  lift  coefficients  of  2.8  which  can  be  obtained  without  boundary- 
layer  control  results  in  decreases  in  the  total  landing  distance  which 
vary  between  25  and  40  percent.  The  largest  percentage  decrease  occurs 
for  the  rather  unconventional  airplane  configuration  with  1200  horse¬ 
power,  a  25-foot  span,  and  an  aspect  ratio  of  10. 

The  data  of  figure  8  show  that,  for  a  constant  wing  loading,  the 
use  of  boundary- layer  control  results  in  reductions  of  the  total  landing 

distance  which  vary  from  about  27~  "to  43~  percent.  The  slightly  more 

favorable  effect  of  boundary- layer  control  when  the  comparison  is  based 
on  a  constant  wing  loading  rather  than  on  a  constant  span  is  explained 
by  the  fact  that  the  addition  of  boundary -layer  control  to  the  airplane 
of  constant  span  increases  the  wing  loading  by  a  small  amount  which  has 
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an  adverse  effect  on  the  landing  distance.  For  a  constant  v'ing  loading, 
variations  in  the  engine  power  have  a  negligible  effect  upon  the  landing 
distance  (fig.  8);  hence,  the  relatively  large  adverse  effect  of 
increasing  the  power  upon  the  landing  distance  of  an  airplane  of  constant 
span,  shown  by  the  data  of  figure  6,  results  from  the  effect  of  engine 
power  on  wing  loading.  It  might  also  be  thought  that  the  adverse  effect 
upon  the  landing  distance  of  increasing  the  aspect  ratio  for  a  given  span 
and  power  (fig.  6)  could  be  attributed  entirely  to  an  increase  in  wing 
loading.  The  data  of  figure  8,  however,  show  that  for  a  given  wing 
loading,  increasing  the  aspect  ratio  also  causes  some  increase  in  the 
landing  distance.  This  unfavorable  effect  of  increasing  aspect  ratio  on 
the  landing  distance  results  from  the  fact  that  as  the  aspect  ratio  is 
increased  the  airplane  lift-drag  ratio  is  also  increased  So  that  there 
results  a  flatter  glide  and,  hence,  a  greater  horizontal  distance  from 
the  50 -foot  obstacle  to  the  point  of  ground  contact.  The  proper  appli¬ 
cation  of  a  spoiler  or  air  brake  might,  therefore,  reduce  or  eliminate 
the  unfavorable  effect  of  increasing  aspect  ratio  on  the  total  landing 
distance . 

The  over-all  conclusion  to  be  drawn  from  the  data  of  figures  6  to  8 
is  that  boundary -layer  control  causes  a  substantial  reduction  in  the 
total  landing  distance  of  all  the  airplane  configurations  investigated. 
The  minimum  landing  distance  for  the  conf igurations  investigated  was 
obtained  for  the  airplane  configuration  having  boundary- layer  control 
and  the  lowest  wing  loading  and  aspect  ratio,  that  is  a  wing  loading 
of  4  pounds  per  square  foot,  and  an  aspect  ratio  of  5« 

As  previously  pointed  out,  an  airplane  is  seldom  designed  in  terms 
of  only  one  performance  parameter.  An  examination  of  the  data  of  fig¬ 
ure  5  indicates  that  for  a  given  wing  span  and  engine  power,  the  appli¬ 
cation  of  boundary -layer  control  does  not  have  any  appreciable  effect 
upon  the  maximum  speed.  Consequently,  the  reductions  in  landing  distance 
resulting  from  boundary- layer  control  (figs.  6  to  8)  can  be  obtained 
without  any  sacrifice  in  maximum  speed  in  most  cases.  In  order  to  show 
this  effect  more  clearly,  the  total  landing  distance  has  been  plotted 
against  maximum  speed  in  figure  9  for  the  airplanes  with  and  without 
boundary -layer  control.  Figure  9  shows  that  for  a  given  maximum  speed 
the  use  of  boundary- layer  control  results  in  a  25  to  40  percent  decrease 
in  the  landing  distance.  The  wing  spans  of  the  different  airplanes  are 
indicated  by  symbols  on  these  curves.  It  is  interesting  to  note  that 
for  most  cases  large  increases  in  the  maximum  speed  can  be  obtained  with 
no  increase  in  the  landing  distance  by  the  use  of  boundary -layer  control 
along  with  reduction  in  span.  The  unfavorable  effect  of  increasing 
aspect  ratio  on  the  landing  distance  for  a  given  maximum  speed  is,  as 
previously  pointed  out,  a  result  of  the  higher  lift-drag  ratio  of  the 
airplanes  of  high  aspect  ratio.  The  fact  that  boundary -layer  control 
does  not  have  a  favorable  effect  upon  the  landing  distance  for  the 
highest  maximum  speeds  obtainable  with  a  given  power  is  explained  by  the 
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data  of  figure  5  which  show  that  the  highest  possible  speed  for  a  given 
power  is  slightly  higher  for  the  airplane  without  boundary -layer  control 
than  for  the  airplane  with  boundary- layer  control. 

The  data  presented  in  figures  6  to  9  lead  to  the  cone lus ion  that 
the  high  lift  coefficients  available  with  boundary- layer  control  are 
very  effective  in  reducing  the  landing  distance  of  the  type  of  airplane 
considered  in  this  investigation.  A  somewhat  different  conclusion  was 
reached  in  reference  4  with  respect  to  the  effect  on  the  total  take-off 
distance  of  the  increased  lift  coefficients  available  with  boundary- 
layer  control.  The  data  of  reference  4  showed  that  there  was  no  appreci¬ 
able  decrease  in  the  total  take-off  distance  due  to  boundary- layer  con¬ 
trol  for  a  given  maximum  speed  unless  the  aspect  ratio  was  of  the  order 
of  15  and  that  the  minimum  total  take-off  distance  for  the  configurations 
investigated  occurs  for  aspect  ratios  of  10  to  15-  Even  for  the  higher 
aspect  ratios ,  the  relative  effect  of  boundary- layer  control  on  the  total 
take-off  distance  is  small  as  compared  to  its  effect  on  the  landing 
distance. 


Ground-Run  Distance 

In  some  cases  the  ground-run  distance  may  be  of  considerable 
importance.  The  ground-man  distance  is  plotted  against  wing  span  for 
different  aspect  ratios  and  engine  horsepowers  in  figure  10  and  against 
maximum  speed  in  figure  11.  The  data  of  figure  10  indicate  that  the 
use  of  boundary- layer  control  results  in  reductions  of  the  ground-run 
distance  which  vary  from  30  to  40  percent  depending  upon  the  configura¬ 
tion.  The  use  of  the  lowest  possible  wing  loading,  that  is,  low  aspect 
ratio  and  engine  of  low  power,  gives  the  shortest  ground-run  distance 
for  a  given  span. 

The  data  of  figure  11  indicate  that,  for  nearly  all  configurations, 
reductions  in  the  ground-run  distance  of  35  to  40  percent  can  be 
obtained  by  the  use  of  boundary- layer  control  without  compromising  the 
maximum  speed.  In  comparison  with  the  trends  of  figure  11,  the  data  of 
reference  4  indicate  that  boundary -layer  control  has  an  Important  effect 
upon  the  ground  run  to  take-off  for  a  given  maximum  speed  only  if  the 
aspect  ratio  is  of  the  order  of  10  to  15  and  that  the  ground  mm  for 
take-off  is  generally  longer  than  that  for  landing. 


Landing  Speeds 

The  speeds  with  which  the  various  phases  of  the  landing  maneuver 
are  executed  are  of  some  importance  as  an  indication  of  the  piloting 
skill  required  to  land  a  particular  airplane.  For  this  reason,  data 
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are  given  in  figures  12  to  1^  pertaining  to  the  effect  of  boundary - 
layer  control  on  the  stalling  speed,  vertical  speed  in  the  steady 
glide,  and  steady  glide  speed. 

Stalling  speed. -  The  stalling  speed  of  an  airplane  is  often  con¬ 
sidered  to  be  of  importance  and  the  relation  between  the  maximum  speed 
and  the  stalling  speed  to  be  a  significant  criterion  of  airplane  per¬ 
formance.  The  stalling  speed  of  the  various  airplane  configurations 
with  and  without  boundary- layer  control  is  plotted  in  figure  12  against 
the  maximum  speed.  The  data  of  figure  12  show  that,  unless  very  high 
speeds  are  required  for  a  given  aspect  ratio  and  power,  the  use  of 
boundary- layer  control  causes  reductions  in  the  stalling  speed  for  a 
given  maximum  speed  of  the  order  of  20  to  25  percent. 

Sinking  speed  and  steady  glide  speed.-  The  effect  of  boundary- 
layer  control  on  the  sinking  speed  is  shown  in  figure  13  where  the 
vertical  velocity  is  plotted  against  wing  span  for  various  horsepowers 
and  aspect  ratios  for  the  airplanes  with  and  without  boundary- layer 
control.  The  data  show  that  boundary -layer  control  has  only  a  rela¬ 
tively  small  effect  on  the  sinking  speed  in  all  cases.  For  all  the 
airplanes  both  with  and  without  bo undary- layer  control,  reducing  the 
span  for  a  given  aspect  ratio  and  engine  power  is  seen  to  increase  the 
sinking  speed. 

In  figure  lk  the  velocity  in  the  steady  glide  is  plotted  against 
wing  span  for  the  airplanes  of  different  aspect  ratio  and  power  both 
with  and  without  boundary- layer  control.  In  all  cases,  the  use  of 
boundary -layer  control  is  seen  to  reduce  the  speed  in  the  steady  glide 
by  20  to  25  percent.  As  would  be  expected,  the  steady-glide  speed 
increases  with  decreasing  span  for  a  fixed  power  and  aspect  ratio  in 
all  cases.  Increasing  the  aspect  ratio  for  a  given  span  and  power  also 
increases  the  gliding  speed  because  of  the  associated  increase  in  wing 
loading. 


CONCLUSIONS 


An  analysis  was  made  to  determine  the  effect  of  boundary- layer 
control  on  the  landing -performance  characteristics,  power  off,  of  an 
assumed  liaison  type  of  airplane  having  aspect  ratios  ranging  from  5 
to  15,  wing  spans  ranging  from  25  to  100  feet,  and  engine  brake  horse¬ 
powers  ranging  from  300  to  1200.  The  airplanes  had  a  1500-pound  pay 
load  and  a  cruising  duration  of  5  hours.  The  results  of  the  analysis 
indicate  the  following  conclusions: 

1.  For  a  specified  airplane  maximum  speed,  the  total  landing  dis¬ 
tance  can  be  reduced  from  25  to  40  percent  by  the  use  of  bound ary -layer 
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control.  The  ground-run  distance  for  a  given  maximum  speed  can  be 
reduced  30  to  ^0  percent  by  the  use  of  boundary -layer  control, 

2.  A  comparison  of  the  results  presented  with  those  of  a  previous 
analysis  of  the  effect  of  boundary -layer  control  on  the  take-off  distance 
shows  that  boundary- layer  control  is  much  more  effective  in  reducing  the 
landing  distance  than  the  take-off  distance. 

3.  The  gliding  and  stalling  speeds  were  20  to  25  percent  lower  for 
most  of  the  airplanes  with  boundary- layer  control  than  for  the  airplanes 
without  boundary- layer  control. 

k.  For  a  fixed  wing  span,  the  sinking  speed,  or  vertical  velocity, 
was  slightly  higher  for  the  airplane  with  boundary -layer  control  than 
for  the  conventional  airplane. 
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Figure  1.-  Assumed  profile-drag  coefficient  of  the  wing  with  and  without 

boundary- layer  control. 
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Span  b,  ft 


(a)  A  =  5. 

Figure  3.-  Wing  loading  of  assumed  airplane  -without  boundary- layer  control 
as  a  function  of  span  for  various  powers . 


NACA  TN  21^3 


27 


Span  b,  ft 

(b)  A  =  10. 


Figure  3.-  Continued. 


Wing  loading  W/S,  Ib/sq  ft 
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(c)  A  =  15. 


Figure  3*-  Concluded. 
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(a)  A  =  5- 

Figure  k.-  Wing  loading  of  assumed  airplane  with  houndary-layer  control  as 
a  function  of  span  for  various  powers . 


30 


NACA  TN  21^3 


♦ 


Ob)  A  =  10. 
Figure  4.-  Continued. 


Wing  loading  W/S,  Ib/sq  ft 
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(c)  A  =  15. 

Figure  4.-  Concluded.. 
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Figure  5.-  Maximum  velocity  of  assumed  airplane  with  and  withoi 
layer  control  as  a  function  of  span  for  various  power: 
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(b)  A  =  10. 


Figure  5.-  Continued. 


Maximum  velocity  mph  Maximum  velocity  Vmax,  mph 
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With  boundary -layer  control 

(c)  A  =  15. 


Figure  5--  Concluded. 
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Span  b,  ft 


(a)  A  =  5. 

Figure  6.-  Landing  distance  of  assumed  airplane  with  and  without  boundary- 
layer  control  as  a  function  of  span  for  various  powers. 
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(t>)  A  =  10. 
Figure  6.-  Continued 
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(c)  A  =  15. 
Figure  6.-  Concluded 
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(a)  A  =  5. 
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(a)  A  =  5. 

Figure  8.-  Landing  distance  of  assumed  airplane  with  and  without  boundary, 
layer  control  as  a  function  of  wing  loading. 
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Figure  10.-  Ground-run  distance  of  assumed  airplane  with  and  without 
boundary-layer  control  as  a  function  of  span. 
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(a)  A  =  5- 

Figure  13.-  Vertical  velocity  as  a  function  of  span  for  assumed 
with  and  without  houndary-layer  control. 
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Figure  13.-  Continued 
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Figure  13  •-  Concluded. 
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- Without  boundary -layer  control 

- With  boundary -layer  control 


(a)  A  =  5- 


(b)  A  =  10. 


(c)  A  =  15. 

Figure  14.-  Velocity  during  glide  for  assumed  airplane  with  and  without 
boundary- layer  control  as  a  function  of  span. 
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